Localized resist heating effects that occur during electron beam (e-beam) patterning of optical masks can lead to critical dimension (CD) errors. These errors are due to unexpected resist development or underdevelopment, which is related to the temperature history of the resist. Eliminating this source of error requires a knowledge of the localized temperature history and how resist properties are impacted by elevated temperatures. Computer simulations of electron beam patterning of an optical mask can address the temperature history of the localized heating not possible through experimentation. Presented are the results of a study to determine the feasibility of using finite element (FE) analysis to predict these thermal effects. Two models were created to demonstrate its capabilities. The first shows that FE modeling is capable of high spatial resolution temperature profiles. The second demonstrates that FE models can be programmed to run complete patterning simulations.
INTRODUCTION
As the semiconductor industry attempts to extend the life of optical lithography beyond the 100 nm node generation, all factors that contribute to CD error must be eliminated or minimized. Among the factors that affect CD is the undesired development of e-beam resist due to the localized heating effect during the mask fabrication process.1'2 When patterning the mask, the e-beam deposits energy to the resist and sublayers. This large localized energy infusion from the e-beam is needed to develop the resist, but at the same time appears as heat, which causes a significant temperature rise around the currently exposed area. As the heat diffuses away from the high temperature regions, surrounding areas undergo a temperature rise.3'4 The thermal wave created by this heat diffusion moves across the resist faster than the patterning e-beam. Therefore, before the e-beam actually arrives to pattern an area, that area of resist has already undergone a physical change due to its temperature history. It has been documented that resist sensitivity to the e-beam is affected by temperature.5 Due to this temperature increase in the surrounding areas, unexpected development, or underdevelopment in the case of negative resists may occur.68
Prior research has indicated that these resist development problems do exist, and can have major implications for the future of e-beam pattering.9 For example, the previously developed commercial TEMPTATION12 program, which has gone through certain experimental verification, can simulate e-beam patterning, and is capable of predicting temperature histories and equivalent dosages delivered to the resist.134 The purpose of this study is to explore finite element (FE) analyses as a means to model localized heating. FE modeling can provide companies with an in-house capability to simulate e-beam patterning, allowing unlimited control of the system parameters such as boundary conditions and mesh density. In this study, simulation conditions were chosen arbitrarily for the purpose of model development. The complete flexibility of the FE modeling allows for new ideas to be numerically tested before implementation, as well as to observe high resolution images through the use of fine mesh grids. *Coii.espondence: Email: wei@sel.me.wisc.edu; Telephone: 608 265 4950
FINITE ELEMENT MODEL DESCRIPTIONS
Finite element models have been developed on both ANSYS'5 and ABAQUS'6 commercial finite element platforms. Various simulations were run to test the models. Discussed first is the ability of the FE models to resolve fine temperature details. The second set of results demonstrates the ability of the FE models to run complete subfield patterning simulations. A description of the models and the pattern exposed is provided in the following sections.
Physical Description of Model I
The first model, shown in Fig. 1 , was designed to demonstrate the ability of FE models to simulate the response of relatively fine features. In particular, the model was constructed using elements as small as 200nm x 200 nm x 40 nm. The overall model dimensions were chosen to be large enough so that thermal effects are not observed at the adiabatic perimeters. Two avenues of energy dissipation are possible in the model; they are conduction within the solid model and radiation to the surroundings, held at 298 K. Properties for the various materials are shown in Table 1 . 
Pattern Description of Model II
The pattern layout for the second model was a checkerboard. The pattern was written using a 2 .tm x 2 pm shot size. The location of the first flash was in the lower left bottom corner. A schematic for the first few rows of patterning is shown in Fig. 4 . The entire simulation consisted of a total of 512 shots. The settling time between shots was 1.ts. The dosage to the resist was 9.6 p.tC/cm2 and was applied by a beam with an energy of 50kVand a current density of 9.6 tCIcm2. Noticeable is that, initially, the maximum temperature is not at the top of the resist. Both figures show that surface temperatures, at the end of any given flash, is 340 K, while the maximum temperature is 356 K in the center of the resist layer. This is because the e-beam, due to the high density of the chrome, deposits most of the energy near the top of the chrome layer and the bottom of the resist layer. After 0.1 p.ts, the temperature at the top of the resist layer increases to 346 K due to the diffusion of heat.
Case for 6.5 A/cm2 Current Density
Simulation results for the case in which the current density was 6.5 A/cm2 are shown in Figs. 7 and 8. The maximum temperature in this case is at the top of the resist, because the longer writing time allows heat to dissipate further. The maximum temperatures range from 339 K to 349 K due to proximity heating effects.
The high spatial resolution possible with the FE model, which is attributable to the small element sizes, allows for the observance of some interesting features. In Figs. 6 and 8, the fine temperature contours in the resist layer can be resolved, and in Figs. 5 and 7, it is possible to see blurring of the temperature contours at the edges of the flash and temperature contour corner rounding. More importantly, the effect of one flash on the next consecutive flash can be seen in Figs. 5 through 8. It is not significant in the first simulation for a 65 A/cm2 current density because the 0. 1 jts flash time is too quick for any significant heat diffusion. However, in the second simulation, at a current density of 6.5A/cm2, the effect is apparent. In Fig. 7 , the peak temperature at the end of the second flash is 349 K as compared with 339 K at the end of the first flash. It also shows how the residual heating from the first flash only affects part of the temperature profile of the second flash. This is observed as the red color tapers away to yellow. Finally, Fig. 8 shows that temperature profile of the second flash is extremely asymmetrical because of the heat diffusion from the first flash. Again, it can be seen that only the contours near the first flash are affected by the proximity heating effect, whilst those further away still resemble the profile of an unaffected flash.
FINITE ELEMENT RESULTS FOR MODEL II

Peak Temperature During Writing
Model II was designed to show that the FE models are capable of simulating complete patterns. Figures 9 through 12 present the temperature profiles at the surface of the resist at various points in the patterning scheme. The dotted area represents the perimeter of the flashed area. Figure 9 is the surface temperature profile at the end of the 97th flash, 193 is into the simulation. The e-beam has patterned 6 rows thus far, and is starting on the 7th row. The square immediately below and to the left was the last written square. The beam has just turned the corner to begin writing the seventh row. The peak temperature is 322 K. Figure 10 is the surface temperature profile at the end of the 99th flash, 197 .ts into the simulation. It is the third flash to be written in the seventh row. Noticeable is the thermal tail that is still dissipating from the writing of the row 6 below. This affects the peak temperature of the resist, which is 319 K. Figure 1 1 corresponds to the profile at the end of the 1 12th flash 223 .ts into the simulation. It has reached the last flash of the seventh row, and is preparing to serpentine up to begin patterning the 8th row. The peak temperature here is 317 K. The first flash of the 8th row, flash number 1 1 3,is shown in Fig. 12 . The temperature once again, peaks at 322 K.
The last flash written was the 144th flash, which corresponds to the first flash of the 10th row, at a time of 289 ts intothe simulation.
Temperature History
The change in resist characteristics, such as sensitivity and equivalent dose, depend both on the magnitude of the change in temperature, and the duration of time at that temperature. Therefore to be able to predict the changes in these characteristics, it is necessary to know the temperature history of the resist. Figures 13 through 16 show the surface temperature histories of the resist at the location of flashes 97, 99, 1 12, and 1 13, as referred to in Figs. 9 through 12.
There is a slight general increasing trend, which is caused by the cumulative diffusion of heat away from all the previously flashed areas. This is seen at all locations in the patterned area. The magnitude of this general heating is on the order of 1 K. Also seen are the sudden rises of temperature that occur because of the proximity heating effect. The magnitude of these spikes can range from near zero to 9 K in certain cases. The largest spike in each of the graphs can be attributed to theebeam directly patterning the area being observed. Before the area is written though, there can be seen other spikes of temperature, which are a result of writing of areas near the observed region. Because these spikes occur before the actual patterning of this area, over or underdevelopment can occur once the e-beam actually writes the local pattern. Figure 13 shows the surface temperature history of the location of flash 97, which is the first written area in the seventh row. The temperature spikes are low because its location in the checkerboard pattern is one in which few spots are written in close proximity to it before it is itself patterned. The closest shot written before flash 97 is flash 96, which is located one square down, and one square right. Effects of this flash can be seen as a small inconsistency on the rising edge of the largest spike. The effect seems small because flash area 97 is patterned immediately after its predecessor, so the large direct e-beam shot shadows the effect of the previous flash.
Csl ISa,.
• .tlr.,t.r Staph? 0.1cr 1n. Figure 14 shows the surface temperature history of the location of flash 99, which is the third written area in the seventh row. The temperature spikes due to previous writing are larger here compared to Fig. 13 because writing occurs immediately underneath in row 6, and patterned squares are found below, to the left and right following the checkerboard pattern. Before the energy can diffuse away due to these previous flashes, the e-beam reaches flash area 99, and proceeds to pattern it, adding energy to an already elevated temperature area, thus causing the large temperature rise. The resist in this flash area may be found to have significant changes in sensitivity due to the high temperatures, and the long time period in which it encounters elevated temperatures. Figure 15 shows the surface temperature history of the location of flash 1 12, which is the last area written in the seventh row. The temperature spikes due to previous writing are also larger here than for flash 97 for reasons similar to those given for flash 99. The peak temperature during the patterning of flash 1 12 is lower though, because the heat from the previously written spots has been given enough time to diffuse away. Changes in resist properties may still occur, but perhaps not as significant as for flash 99. Figure 16 shows the surface temperature history of the location of flash 1 13, which is the first area written in the eighth row. This flash is very similar to that of flash 97, and the explanations provided above are applicable to this flash as well.
SUMMARY AND CONCLUSIONS
Models were developed to test FE capabilities in predicting various temperature profiles in optical masks that occur due to localized heating. This modeling is the first step towards determining the impact that elevated temperatures play in altering resist properties. The results in this paper show that FE methods are capable of complete subfield patterning and fine spatial resolution. Some strengths of FE modeling include its extreme versatility, in that the user controls all portions of the program from boundary conditions to mesh size, and its capability for insight and visualization of the results.
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